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Highly relativistic electron precipitation events (HRESs) can provide a major source of energy
affecting ionization levels and minor constituents in the mesosphere. Based on satellite data,
these events are most pronounced during the minimum of the solar sunspot cycle, increasing in
intensity, spectral hardness and frequency of occurrence as solar activity declines.
Furthermore, although the precipitating flux is modulated divmally in local time, the noontime
maximum is very broad, exceeding several hours. Since such evenmts can be sustained up to
several days, their integrated effect in the mesosphere can dominate over those of other
external sources such as relativistic electron precipitation events (REPs) and auroral
precipitation.  In this work, the effects of HRE relativistic electrons on the neutral minor
constituents OH and O3 are modeled during a modest HRE, (o estimate their anticipated impact
on mescspheric heating and dynamics. The data to be discussed and anatvzed were obtained by
rocket at Poker Flat, Alaska on May 13, 1990 during an HRE observed at midday near the peak
of the sunspot cycle. Solid state detectors were used to measure the electron fluxes and their
encrgy spectra. An x-ray scintitlator was included to measure bremsstrahlung x-rays produced
by energetic electrons impacting the upper atmosphere; however, these were found to make a
negligible contribution to the energy depesition during this particular HRE event. Hence, the
energy deposition produced by the highly relativistic ¢lectrons dominated within the
mesosphere and was used exclusively to infer changes in the middle atmospheric miner
constituent abundances. By employing a two-dimensional photochemical model developed for
this region at Goddard Space Fight Center, it has been found that for this event, peak
medifications in the neutral minor species occurred near 80 km. A maximwum enhancement for
OH was calculated 10 be over 40% at the latitude of the launch site, which in turn induced a
maximum depletion of O3 in excess of 30%. Since this particular HRE occarred near solar
maximum, it was of modest intensity and spectral hardness, parameters which could grow
significantly as solar minimur is approached. Estimates of mesospheric OH enhancement and
O3 depletion have also been made for more intense HRE events, as might be expected during
the declining phase of the solar cycle. The findings imply that the energy deposition from
highly relativistic electrons during more intense HREs could modulate the concentration of
important minor species within the mesosphere to much higher levels than estimated for the
observed HRE. By causing O3 destruction, the electron precipitation can also medify the
penetration depth of solar UV radiation, which may affect thermal properties of the mesosphere
to depths approaching 60 km.
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216 MESOSPHERIC O, AND OH DURING HRE

INTRODUCTION

Highly relativistic electron precipitation events (HREs)
may provide the major source of ionization energy from
precipitating electrons affecting mesospheric constituents.
Based on satellite data, these events are most pronounced
during the declining phase of the solar cycle, increasing in
intensity, spectral hardness, and frequency of occurrence as
the solar cycle reaches minimum [e.g., Baker et al., 1987,
1993]. Since such events can be sustained up to several
days, their integrated effect in the mesosphere can potentially
dominate other sources of energy input such as refativistic
electron precipitation events (REPs} and auroral precipitation
events (APEs). Here, the effects of an HRE on mesospheric
neutral minor constituents such as ozone (03) during a
measured HRE are modeled, to demonstrate its impact on
~ these constituents.

It has been known for some time that solar protons
impact the middle atmosphere and affect its neutral and
electrodynamic structure. Rocket measurements by Weeks
et al. [1972] during the large solar proton event (SPE) of
November, 1969 were used by Swider and Keneshea [1973}
in a model calculation to demonstrate that solar proton
events (SPEs) could modify mesospheric HOy, O3, and
other minor constituents. For the great SPE in August,
1972, Heath et al. {1977] showed a remarkable depletion in
stratospheric O3 by measuring solar backscattered ultraviolet
radiation with the SBUV instrument aboard Nimbus IV.
This O3 depletion required several weeks for recovery
following the event [Jackman and McPeters, 1987].
Thomas ef al., [1983], Solomon et al. [1983], McPeters and
Jackman [1985], and Jackman and McPeters [1985] have
also investigated and/or modeled significant middle
atmospheric O3 depletions caused by several other SPEs of
varying magnitudes. More recently, Johnson and Luhmann
[1993] have shown evidence for SPE modulation of
mesospheric dynarmical structure, comparing Poker Flat
MST Radar data with SPE occurrences during the early
1980s. Finally from the electrodynamic viewpoint,
ionization enhancements from SPEs are sufficiently intense
and well defined to have caused a renaming of SPEs as polar
cap absorption events (PCA), in response to the major
ionization effects caused by SPEs at high magnetic latitudes.

REPs and APEs are relatively short-lived compared to
SPEs. Since REPs and APEs are much less intense and do
not usually penetrate as deeply into the atmosphere, they are
more likely to have their maximum effect in the
mesosphere; i.e., maximum electron energies between (0.5
and 1.0 MeV usually restrict energy deposition by REPs and
APEs to atmospheric altitudes above 60 km [Goldberg et
al., 1984; Jackman, 1991]. Thorne [1980] has argued that

REP events might have as significant an impact on the
middle atmosphere as SPEs, because of their much higher
frequency of occurrence. However, his definition of REPs
may have been expanded to include all relativistic electron
precipitations, including those associated with auroral
geomagnetic disturbances and possibly HREs, which are
usually characterized by a harder energy spectrinm,

HREs represent the most intense and spectrally hard
electron events observed to date. Details of these events as
observed at geosynchronous satellite altitudes can be found
in Baker et al. [1979, 1986]. From comparisons with lower
altitude satellites [lmhof et al., 19917, and from the rocket
study to be evaluated here, it is apparent that a significant
fraction of the outer zone (high altitude) electrons associated
with an HRE reach the middle atmosphere [Herrero et al.,
1991; Baker et al, 1993] and strongly influence the
electrodynamics of that region [Goldberg et al., 1994).
Since HREs can sustain their activity for several days (albeit
with a diornal variability having a wide local noontime
maximum of several hours) and recur over several solar
rotations, and since they may cover a broader region in
longitude and latitude than the auroral zone, their impact on
the middle atmosphere should be large.

This paper considers an HRE that occurred in May 1990
as reported earlier {Herrero et al., 1991; Baker et al., 1993;
Goldberg et al., 1994). It is concerned with the influence
that the HRE electrons had on the minor constituents OH
and O3 within the mesocsphere, the region where most of the
HRE clectron energy from this event was absorbed. It is
based on results obtained from rocket payloads launched
during the event from Poker Flat Research Range, Alaska.
The event studied was found to be relatively modest, which
is 10 be expected immediately following the maximum of
the solar cycle. Nonetheless, the results from a GSFC two-
dimensional photochemical model imply that the modest
fluxes observed in this event were capable of modifying the
OH and O3 concentrations in the mesosphere by a
measurable amount.

EXPERIMENT DESCRIPTION
General Considerations

In May of 1990 multiple payloads were launched in a
rocket experiment to measure the relativistic electron fluxes
reaching the middle atmosphere during an HRE, and to
investigate the influence of HREs on the electrodynamical
and neutral properties of the middle atmosphere. Since the
relativistic electron precipitation events are thought to be
increasingly frequent and more intense following the selar
maximum period, it was the goal of the May 1990
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Table 1. Characteristics of Taurus-Orion flight trajecteries.

ROCKET LAUNCH APOGEE
Number Type Date Time (UT) Altitude Time {TSL., Horizontal
{km} sec) Range (km)
33.059  Taurus Orion 13 May 90 2129:02 13G.4 184 44.6
33.060  Taurus Orion 14 May 90 2026:00 127.9 182 45.5

experiment to first measure the intensity and energy
spectrum of these relativistic electrons in the middle
atmosphere for a modest event near solar maximum. Poker
Flat, Alaska was selected because it les at the equatorward
edge of the auroral zone, where representative components of
precipitating electron showers are normally expected to
occur, and where there is the opportunity to coordinate
measurements with those from a ground statjon and from a
geostationary spacecraft on approximately the same
magnetic field line.

The linear prediction filter of Baker et al. 11990] was used
to anticipate when relativistic electrons should be ar their
maximum levels. This technique utilizes ground-based
geomagnetic indices as input time series and gives a
reasonable level of confidence for predicting enhancements
months in advance of their occurrence. Real-time data from
operational spacecraft in synchronous orbit were also
available to help judge the specific time when the rocket
launches should occur. These data were accessed via the
NASA/SPAN computer network and were resident on
computers at the Los Alamos National Laboratory and the
NOAA Space Environment Laboratory.

Two Taurus-Orion rockets and one Orion rocket were
launched into an HRE event of modest intensity near local
noon on May 13-14, 1990, when outer zone trapped
electrons were locally at peak diurnal intensity. Apogee for
each Taurus-Orion rocket trajectory was about 130 km,
providing full coverage of the mesosphere and part of the
lower thermosphere. Bach Taurus-Orion payload contained a
mix of solid state and x-ray detectors to measure the
eniergetic radiation at and below about 130 km altitude, and
an assortment of plasma probes and an electric field
symmetric boom array to measure middle atmospheric
electrodynamic response to the impinging radiation. In
addition, Taurus-Orion 33.059, launched on May 13, 1990,
was immediately followed by an Orion payload (30.035),
containing assorted Instrumentation to measure the

electrodynamic properties of the middle atmosphere in more
detail than on the Taurus-Orion. This work makes use of
the flux measurements obtained on 33.059 and 33.060 to
evaluate the expected perturbations of the measured HRE on
OH and O3. The electrodynamic properties of the
atmosphere obtained from this study can be found in
Goldberg et al. [1994] and will not be discussed further in
this paper. Table I lists the Taurus-Orion rocket flights
with their relevant specifications. :

Critical Instrument Descriptions

Most instruments flown on the Taurus-Orion and Orion
payloads have been described in elsewhere [Herrero et al.,
1991; Goldberg er al., 1994]. The electron spectrometers
and the x-ray scintiflator are briefly described here, because
of their prime use in measuring the electron energy flux.
Each Taurus-Orion payload included two silicon (Li-drifted)y
solid state electron spectrometers to detect low energy
electrons (0.09-1.0 MeV, 12 differential channels) and high
energy clectrons (0.4 to 3.8 MeV, 8 differential channels),
respectively. In addition, each payload carried an x-ray Nal
scintillator detector to measure bremsstrahlung x-rays and
electrons above 120 keV. Each scintillator was fitted with a
125 micron Be window and optically mounted to a
ruggedized photo muitiplier [cf. Goldberg er al., 1984 for a
detailed description). Electronic sampling of the pulse
amplitudes permitted sampling in the integral spectral ranges
>»5, >10, >20, >40, and >80 keV. These deteciors were also
sensitive to charged particles that can penetrate the Be
window, which has a threshold for electrons near 120 keV,

During each Taurus-Orion flight, the payload was despun
to approximately 1.3 Hz and then oriented at 45° to the
Barth’s magnetic fleld with a magnetic attitade control
systemn. This permitted the solid siate and x-ray detectors to
sweep in look angle from 0° to 90° magnetic pitch angle
during each revolution of the payload, since they were
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PITCH ANGLE SCANS
WITH A SPINNING PAYLOAD

¥OV.attse
o = Gdegraes B
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Fig. 1. Schematic view of payload geometry demonstrating
how a (-90° pitch angle sweep for spectrometers and scintiflator
detectors is induced by paylead spin.

mounted at 43° to the spin axis. A schematic diagram
depicting this function is iliustrated in Figure 1. Although
the fields of view for the x-ray and low energy electron
deteciors were large (~30° half angle), the instruments still
provided usefui information concerning the pitch angle
distribution of impacting electrons. For the high energy
clectron spectrometer, the field of view was only 13.5° half
angle, thereby providing higher instrumental pitch angle
resolution.

DATA ANALYSIS AND RESULTS

Figure 2 depicts the count rates measured by three
representative channels on each electron spectrometer during
the flight of 33.059. The upper panel {a) refers to the fow
energy spectrometer, the lower panel (b} to the high energy
spectrometer. Also shown are the trajectory of the flight and
magnetic pitch attitude (Fig. 2a). The latter shows that the
payload stabilized near 115 sec (~105 km) into the flight.
Of note are the wide burst region encompassing “17, the
narrow burst region “27, and the more nominal steady region
"3, From the energy specira measured during each of these
periods, we have been able to calculate the energy deposition
within the middle atmosphere produced by the measured
flux.

A detailed description of the energy deposition analysis
has been provided in Goldberg et al. [1984] and specifically
for this flight in Goldberg et al. [1994]. Briefly, the count
rates from each channel are combined to produce an
exponential integral spectrum of the form:

J>E)= Joje’E’E“dE N
E

where Jg is the flux at energy E = 0, and £y is folding
energy. Figure 3 provides a sample of these spectra obtained
during period “3” between 230 and 231 seconds into the
flight. The vertical bars on each point represent the one-
sigma range for the statistical sampling rate. The upper and
lower panels depict spectra obtained by the low and high
energy specirometers, respectively. The curves labeled A, B,
C, and D represent least squares fits to the measured points
to the left and right of each breakpoint, which appear at
about 350 keV (upper) and 1700 keV {Jower). The values
for Jo and Eg for each linear segment are displayed in the
upper right hand corner of each panel. From this plot we
observe that the total spectrum can be described with three
linear components having breakpoints near 0.35 and 1.7
MeV, since curves B and C are overlapping regions and
roughly equivalent. Additional plots for events “1” and “27

Ajtitude (km}

Count Aate (Countsis)

N K EE R AE RS

s &

Mk .
08 2 48 B 80 109 120 140 40 THG 700 220 240 FE0 7EC MO IO

Time Since Leunchis)

Fig. 2. Compressed view of counting rates (33.059) for three
select channels on the low energy {top panel} and high energy
(hottom pancl} spectrometers. Payload pheh attitude (arbitrary
units} and trajectory are also provided.
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Fig. 3. Sample spectra for non-burst peried “3” for 230-231
sec TSL. on 33.0539. Spectra for the low {top) and high (bottom)
energy spectrometers are provided, The tables {upper right)
give values of £, and Jy for segments A and B (low energy} and
C and D (high energy).

during the 33.059 flight show similar feaiures but with
increased fluxes, particularly at the lower energies.
Corresponding plots were made for 33.060, but in this case
from energy spectrum values averaged over the entire flight
above approximately 105 km (110-260 seconds into the
flight), since the electron flux at all measured energies was
nearly uniferm and without bursts during this period,
Finally, it has been shown in Goldberg et al. [1994] that the
pitch angle distribution in most cases was nearly constant;
hence the flux was treated as isotropic when calculating the
energy deposition.

Figure 4 shows the energy deposition profiles for the three
periods “17, “27, and “3” during the 33.059 flight on May
13, 1990, and for the period in which the 33.060 payload
was above 105 km on May 14, 1990, as determined from
the energy deposition model of Jackman described in the
Appendix of Goldberg et al. [1984]. These profiles were
determined exclusively from the electron spectrometers since
ihe contribution from bremssirahlung x-rays was found to be
negligible {Geldberg er al., 1994]. This finding is unigue,
since x-rays have always been observed in significant
quantity during auroral precipitation and REPs [e.g.,
Goldberg er al., 1984; Goldberg et af., 19901, Also shown

GOLDBERG ET AL, 219

is the anticipated cosmic ray contribution adjasted for site
location and phase of the sunspot cycle [Nicoler, 1975).
The peak near 80 km is probably artificially produced by
cutting off the electron spectrum near 90 keV, which is the
threshold for each of the low energy electron spectrometers.
For example, if the sample spectrum shown in Figure 3 was
extrapolated to lower energies assuming the slope remained
unchanged, one would expect to see the ion-pair production
rates continue to grow above 80 km as noted in Goldberg et
al. [1984]. Alternatively, the near absence of low energy (5-
30 keV) x-rays may signify an electron energy spectrm
which decays rapidly below the 90 keV threshold of the solid
staie detector, thereby providing validation for that portion
of the curves as shown-in Figure 4 ahove 80 km.

From Figure 4, it is evident that the non-burst periods for
33.059 and 33.060 are similar in shape, with 33.059¢
exhibiting a more intense and somewhat spectrally harder
electron flux. The latter can be seen through the greater
depth of penetration for the 33.059 period “3” profile. Burst
*2” during 33.059 shows an enhancement of flux above the
non-hurst periods, but mainiy at the lower energies (higher
altitudes}. Finally, burst period “1” shows an eshancement
above all other periods at all energies, but with the strongest
enhancement above 60 km {below about | MeV). Hence,
the event appears {o be more intense and variable during the
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Fig. 4. Energy depositien prefiles in terms of ion pair
production rate caused by measured elecirons. Shown are
periods “17, “27, and "37 during the flight of 33.059 and the
value during 33.060. Also included is the calculated effect from
cosmic rays corrected for latitude and time of solar evcle
Maxima pear 80 km are probably caussed by limiting the
electron spectrum to values zbove 90 keV, which iz the low
energy spectrometer threshold value.
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flight of 33.059 on May 13, 1990, with the sample
measured on May 14 representing a period during the decay
of the HRE. In spite of the modest character of this HRE,
these energy deposition profiles, particularly burst “17,
match or exceed values measured by us during all previous

aurorally active or REP events. The encrgy deposition
profiles shown here have been used to calculate the OH and

O3 modulations discussed in the next section.

MODELING RESULTS

A NASA 2-D photochemical model has been used w
calculate the mesospheric OH enhancement and Gy depletion
anticipated for this event from two of the energy deposition
curves presented in Figure 4. This medel is described in
detail by Douglass et al, [19897 and Jackman et al. [1990].
Briefly, it employs a latitudinal range from 85°N fo 853°S in
10° increments, and an altitude range from 1000 10 0.06024
mbar (4 to about 90 km) with approximately a two kin
resolution, Around 30 species are considered including Oy,
NOy, HO},, Cly, and Bry. The 130 chemical reactions
inchuded are as specified in JPL 90-1 [De More ef ai., 1990}
Well known chemical-family approximations are used to
reduce the number of transported specics in the model.

Twenty two (22) species or families {Oy, NOy, Cly, and
Bry) are transported in the meodel simulations used here.
These include Oy (O3, O('D), OCGP)), NOy (N, NO, NOy,
MNOs3, HONO), N2Os, CIONG;, but not including
HNO3), Cly (CL ClO, HOCL, HCL CIONGO;), Bry (Br,
Br(, HBr, BrONGg), HNGa2, N0, CHy, H;, CO,
CH3OOH, CFCly, CFyCla, CH3Cl, CCly, CH3CCH,,
CHaBr, CHCIF,, CyClsFa, CrClhFy, CaCiFs, CBr(iF,,
and CBrFz. The HOy (H. OH. HOp) species, HpO3, and
the hydrocarbons CHz, CHxO, CHaO5, CHLO, and CHO
are calculated using photochemical equilibrium assumptions.
The COo mixing ratio is set at 330 ppmv and the HoO
distribution is fixed using LIMS measurementis and other
model calculations [cf. Jackman er al., 19871 Ground
boundary conditions for the trace gases are taken from WMO
{1992, Table 8-6bl, for the 1990 steady state. The residual
cirenlation and diffusion specification is the Dynamics A
formulation described in Yackman et al. [1991].

HOGy is the pritnary species family affecting the loss of
orone during particle precipitation evenis within the
mesosphere.  The HOy constituenis are produced hy
complicated ion chemistry resulting from the production of
ion pairs. Bach ion pair resulis in the formation of two HOy
spectes up o an altitude of approximately 70 km. Above
70 km, the HOy species produced per fon pair depend guite
strongly on the ionization rate and the duration of the
particle precipitation event [Solomon et ol 1981]. The 2.0

model employed here does not develop the ion chemistry
internally. Instead, it uses the computations of HOy per ion
pair as provided in Solomon et al. [1981, Figure 2. HOy
enhancements can lead to O3 depletion through several
catalytic processes; these are dominated by the following
catalytic process above 60 km altitude [Jackman and
McPeters, 19871

H 4+ 03> 0H + Oy 2
OH+ 0 -> H+ O (3

The H atom, destroyed in reaction {2}, is regenerated in
reaction (3) and can continue cycling through reactions (2)
and {3) until either H or OH reacts with another constituent
in the mesosphere. The net of reactions (2} and (3) causes
Oy and O to transform into 2G5,

The NASA 2-dimensional model was originally developed
for use in multi-vear simulations. As a result, many of the
parameters are restricted to temperal variations with a
minimum resolution of one day, Since HREs have a time
scale of several days, but with a diurnal variability, it was
necessary {o use average daily values for various parameters
such as the lon-pair production rate (energy deposition,
Figure 4) instead of tracking it or modeling it on a smaller
time-step basis. In order to use this model, it is therefore
assumed that cumulative effects are considered to reach an
equilibrium value within onc day, which seems reasonable
bazed on the time consiants of the various procasses
occurring in the region of interest. Furthermore, many of the
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parameters are highly latitude dependent because of the
rapidly changing length of day with latitude except at
equinox; hence this work models the effects of the measurad
radiation specifically at the latitude of Poker Flat Research
Range (65.1°N, 147.3°W, magnetic L = 5.5) on the date of
the launch,

The four curves presented in Figure 4 all have a similar
shape, with the energy deposition exhibiting a monotonic
decay at all altitudes between the 33.059 burst “1" and the
profile obtained from 33.060. The results obtained from the
2-D photochemical model discussed in this section
concentrate on two of the four periods, viz. periods “1” and
“3”. Figure 5 displays the vertical profile for percentage
change in OH at the Poker Flat site, assuming daytime
average conditions on the date of the 33.059 launch. Figure
6 shows the resulting profile for Gy. These parameters have
been calculated for the two periods assuming a one day
steady source. This appears reasonable since the model
approaches an equilibriom value within a few hours, which
is the daily half width of the event maximum about noon.
Hence, the model predicts that for a daytime average for May
1990 under burst “1” conditions, the OH would have
increased by over 40% near 80 km, leading to a depletion of
01 in excess of 30% within the same region.

The HRE and more common natural sources of HOy
compete to drive the atmospheric abundance of HOy
constituents at different times. The model background HyQ
is crucial to determination of an HRE influence on the
atmosphere. We have employed the H2O climatology of
Remsberg et al. [1989] for the spring-Northern Hemisphere
at mid-latitudes in our 2-D mode! simulations, Table 2
provides the HoO concentration profile used in our 2-D
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Fig. 6. The vertical profile for the percent change of O3 under

the same conditions as Figure 5.

GOLDBERG ET AL. 221

Table 2. HpO mixing ratios used in our sinndations with the

NASA/GSFC 2D model.

Aliitude Altitude H20O mixing ratio
(mbar) {km) (ppmv)
0.23 59 6.0
0.17 61 6.0
0.13 63 5.2
0.098 65 5.0
0.074 67 4.3
0.05¢ 69 3.8
0.042 71 32
0.031 73 2.7
6.024 75 2.1
0.018 77 1.9
0.G13 79 1.7
0.010 21 1.5
0.0676 83 i.3

0.0057 B3 I.1
0.0043 87 0.92
6.0032 89 0.78
(.0024 g1 (.64

model above 0.23 mb (59 km). Since the most common
natural sources of HOy are dependent on sunlighi, either

from photolysis of HpO or the reaction of O(1D) with HpO,
and since for our simulation, the HRE source of HOy is
assumed to be independent of solar zenith angle, it follows
that an HRE event should have #ts maximum effect at the
maximum solar zenith angles within its range of occurrence
{e.g. see Solomon et al., 1983; Jackman and McPeters,
1985).

DISCUSSION AND CONCLUSIONS

For the HRE under consideration here, Herrero et al.
[1991] demonstrated that a significant portion of the
relativistic electron flux observed at geosynchronous altitude
reaches the middle atmosphere. Baker et al, [1993] expanded
that concept and discussed the HRE effects on the
stratosphere. More recently, Goldberg et al. [1994] have
demonstrated the electrodynamic effects of the relativistic
electron flux from this HRE on the middle atmosphere
through cemparisons with simualtancous measurements of
electrical conductivity and related parameters. This study has
considered the HRE as an encrgy source, and evaluated its
impact on trace constituents OH and O3 using the GSFC
2-D photochemical model. 1t is found that even a modest
HRE of the magnitude observed and discussed here can
enhance OH several percent leading to an associated
depletion in (3. For more inlense HREs, as are anticipated
further into the solar cycle decline, these effects could he
much higher,
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222 MESGSPHERIC O, AND OH DURING HRE

Since HREs are more intense than REPs and APEs and
can continue for several days, their integraied effect on
mesospheric ionization and minor constituents is probably
much greater than that of REPs and APEs. For the relatively
weak event measured during this experiment, the calculated
decrease of Oz was about 30% for daytime average
conditions. but could reach much higher values near
twilight. For more intense events, larger depletions of (1
would be expected. Such depletions in Oz would reduce the
absorption of UV within the mesosphere, thereby allowing
the UV radiation to penetrate t¢ lower altitudes, leading to
possible modifications of the temperature, chemisiry and
dynamics of the region,
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